21
Recent advances in neurofeedback based on real-time functional magnetic resonance imaging (fMRI) allow for 23 learning to control spatially localized brain activity in the range of millimeters across the entire brain. Real-24 time fMRI neurofeedback studies have demonstrated the feasibility of self-regulating activation in specific 25 areas that are involved in a variety of functions, such as perception, motor control, language, and emotional pro-26 cessing. In most of these previous studies, participants trained to control activity within one region of interest 27 (ROI). In the present study, we extended the neurofeedback approach by now training healthy participants to 28 control the interhemispheric balance between their left and right visual cortices. This was accomplished by pro-29 viding feedback based on the difference in activity between a target visual ROI and the corresponding homologue 30 region in the opposite hemisphere. Eight out of 14 participants learned to control the differential feedback signal 31 over the course of 3 neurofeedback training sessions spread over 3 days, i.e., they produced consistent increases 32 in the visual target ROI relative to the opposite visual cortex. Those who learned to control the differential feed-33 back signal were subsequently also able to exert that control in the absence of neurofeedback. Such learning to 34 voluntarily control the balance between cortical areas of the two hemispheres might offer promising rehabilita-35 tion approaches for neurological or psychiatric conditions associated with pathological asymmetries in brain ac- 60 Hz sampling rate, LRO System), respectively. Heart rate was mea-212 sured using a pulse oximetry sensor, and respiration was measured 213 using an elastic belt around the participant's chest. 1 . Overview of the experimental procedure. In the first scanning session, a structural scan was acquired, the visual ROIs in the left and right visual cortex were defined with functional localizer runs, and the participants familiarized themselves with the neurofeedback setup. In 3 subsequent neurofeedback training sessions (on three different days), participants then learned self-regulation of their visual cortex activity. Each training session was composed of a short anatomical scan, two behavioral test runs, two neurofeedback training runs (of 2.8 min each), a transfer run (same as a training run but without feedback), and two behavioral test runs. This sequence was repeated once per session (except for the structural scan). Each training/transfer run was composed of four 20 s resting blocks (in gray) interleaved with three 30 s regulation blocks (in white). The behavioral tests consisted of a line bisection task and a visual extinction task, given at the beginning, in the middle, and at the end of each session.
In each training session, participants performed a bilateral visual de-
279
tection task (7 min), a perceptual line bisection/landmark task (3 min),
280
two neurofeedback training runs (3 min each), and a transfer run with-281 out feedback (3 min) (Fig. 1) . The visual tasks are described below. Ex-
282
cept for the structural scan, all fMRI runs were repeated once in each 283 session.
284
Neurofeedback procedure
285
The training runs were composed of four 20 s baseline blocks inter-
286
leaved with three up-regulation blocks of 30 s each (Fig. 1) . During the 287 baseline blocks, the fixation cross at the center of the screen was black, differential feedback signal between the two visual ROIs (Fig. 1) Gabor stimuli were presented either at 5°eccentricity to the left of the 351 fixation cross, at 5°eccentricity to the right of the fixation cross, at 5°t 
on both sides, or no stimuli were presented. Thresholds were deter- and between-subject factor group (learners or non-learners). Gaussian kernel with 8 mm full-width-at-half-maximum (FWHM). and eye movements showed no difference between baseline and regu- 
In addition to the beta estimates over sessions, we also investigated was consistently more active than the ROI opposite , and this activity differ-601 ence progressively increased across sessions (Fig. 4C ). For the non-602 learners, the initial period of up-regulation was much less pronounced 603 and irregular, and they failed to consistently activate the ROI target 604 more compared to the ROI opposite in the last session (Fig. 4D) . , the learners achieved a consistent up-regulation of the ROI target . The ROI opposite was co-activated during the first session, but this co-activation was reduced during subsequent sessions. The non-learners activated the ROI opposite more than the ROI target and thus did not learn control over the differential feedback signal. (B) During transfer sessions (without real-time feedback), the learners correctly up-regulated ROI target and showed no changes in the ROI opposite . The non-learners did not achieve a consistent activation of the ROI target that exceeded those of the ROI opposite . Error bars represent one standard error of the mean. The non-learners also initially activated the ROI target , but coactivated the ROI opposite to the same level, and thus did not achieve control over the differential feedback signal. (C) During transfer runs, the learners again showed an initial increase in both the ROI target and ROI opposite . However the ROI target was more active than the ROI opposite throughout the complete regulation block, and this difference increased across sessions.
(D) For the non-learners, up-regulation during transfer runs was much less pronounced, with no consistent difference between ROI target and ROI opposite . The time courses were normalized so that the percentage of signal change during baseline activity corresponded to 0%. Shaded areas represent one standard error of the mean.
The non-learners showed only weak effects during the training runs, 624 restricted to increases in the ipsilateral superior frontal gyrus, and de-625 creases in the ipsilateral middle frontal cortex, and the contralateral an-626 gular gyrus (Fig. 5C , Table 2C ). During the transfer runs, however, they 627 showed more robust and extensive bilateral increases in the superior 628 frontal gyrus, the superior occipital gyrus, the superior parietal lobe, Table 2 .
contralateral angular gyrus (Fig. 5D , Table 2D ). No effect was seen in oc-633 cipital areas.
634
Behavioral results
635
Because the interhemispheric visual cortex balance has been linked in the scanner at the beginning, in the middle, and at the end of each 644 feedback session (see Fig. 1 ).
645
Behavioral data from the visual detection task were analyzed by cal- 
665
The main effect of factor session (F(2,11) = 3.32, p = 0.072), and 
(1, 2, or 3), test run (1, 2, or 3), and between-subject factor group . Extinction rates within sessions. Comparing performance in the visual detection task performed at the beginning, the middle, and the end of each neurofeedback session revealed that the extinction rate of the learners decreased within a session. This improvement was found in the target visual field (A), and in the opposite visual field (B) and was therefore not specific to the side corresponding to the up-regulated occipital ROI (ROI target ). No such effects were found for the non-learners. Error bars represent one standard error of the mean.
balance of activity in their visual cortices (Fig. 2) . This success rate is accomplished by up-regulation of the ROI target (Fig. 3) , rather than by 
792
However, in our study, this was not the case, and activity in the 793 ROI opposite tended to also increase during the regulation blocks (Fig. 3) ,
794
although to a lesser degree than the ROI target . control over the feedback signal had we continued to train them.
995

Conclusions
996
Learning to control the interhemispheric balance between the left 997 and the right visual cortices is possible using neurofeedback. Such con- mediated learning and consolidation of regional brain activation during motor imag-
